1. Introduction {#s0010}
===============

Positive-strand (+)RNA viruses of eukaryotes replicate in the cytosol of infected cells by assembling numerous membrane-bound viral replicase complexes (VRCs). The VRCs are usually harbored inside elaborate virus-induced membranous structures, called viral replication organelles (VROs) ([@bb0135]; [@bb0495]; [@bb0595]; [@bb0660]). The VROs consist of single-membrane or double membrane vesicles, convoluted membranes and other structures for a group of (+)RNA viruses that include coronaviruses, enteroviruses and hepatitis C virus ([@bb0020]; [@bb0045]; [@bb0435]). Another group of (+)RNA viruses, such as alphaviruses, most flaviviruses, the insect-infecting nodaviruses and the plant-infecting tombusviruses and bromoviruses, deform membranes, creating numerous vesicle-like structures, also called spherules, with small opening toward the cytosol ([@bb0065]; [@bb0120]; [@bb0130]; [@bb0210]; [@bb0455]; [@bb0715]). The spherules could be formed by using membranes derived from the ER, mitochondria, plasma membrane or peroxisomes ([@bb0275]; [@bb0595]; [@bb0660]). Overall, the VROs sequester viral and co-opted host components to a confined place to achieve robust viral RNA replication. The VROs organize temporally and spatially the viral replication process and other distinct steps during the infection cycle. The VROs also protect the viral RNA and proteins from degradation and facilitate the avoidance of recognition by the host immune system.

Our knowledge on the biogenesis of VROs and the individual VRCs and overall on the interactions between viruses and their hosts are quickly progressing based on a few model (+)RNA viruses and other important human pathogenic viruses ([@bb0020]; [@bb0415]; [@bb0435]; [@bb0455]; [@bb0660]; [@bb0715]). In this article, we will use the example of the small plant tombusviruses to visualize how the arms race for control of resources between viruses and their hosts include conserved host protein families.

Tomato bushy stunt virus (TBSV) and other tombusviruses have less than 5 kb (+)RNA genomes, which code for five proteins, two of which are the viral replication proteins, termed p33 and p92^pol^ ([@bb0405], [@bb0410]; [@bb0430]). The replication proteins are essential for TBSV replication, the biogenesis of VROs and the formation of spherule structures utilizing peroxisomal membranes in plants and yeast, a model host ([@bb0030]; [@bb0380]). Several genome-wide and proteome-wide screens in combination with lipidomics and bioinformatics approaches led to the identification of over 500 yeast genes, which affected TBSV replication ([@bb0415], [@bb0420]; [@bb0450]). More detailed, mechanistic studies with cell-free replicase reconstitution assays, yeast knockout and knockdown mutants or temperature-sensitive mutants, and validation experiments in a plant host revealed the intricate interaction of TBSV with the hosts through co-opting numerous mostly-conserved host proteins ([@bb0300]; [@bb0415]; [@bb0445]). As discussed below, the hosts also respond by using proteins frequently from the same or associated protein families to greatly interfere with TBSV replication, thus creating a never-ending arms race with the virus.

The article will follow a scheme that presents the idea of how the need of the virus to hijack host factors creates opportunities for the host to use similar host proteins that interfere with virus replication. In other words, the arms race for control of resources between the virus and host could involve different members of the same protein families. Three examples with well-established protein families will be described to illustrate this model on the arms race between tombusviruses and their hosts.

Description of the arms race between viruses and hosts frequently starts with explaining what pathogen associated molecular patterns (PAMPs) are recognized by the host, which is mostly based on specific features present in viral proteins and the viral RNAs. The detection of PAMPs then triggers RNAi and other immune responses in plants and animals ([@bb0080]; [@bb0105]; [@bb0125]; [@bb0555]; [@bb0605]). However, viruses well-adapted to their hosts are able to suppress the effective immune responses through expressing suppressor or effector proteins to stave off the antiviral defenses ([@bb0100]; [@bb0170]; [@bb0265]; [@bb0295]). Often the hosts will have another level of antiviral responses in the arms race. For example, plants might select for resistance (R) genes against the most pathogenic viruses or animals produce specialized immune cells guarding against future infections by the same virus ([@bb0580]; [@bb0605]; [@bb0630]). Note that the arms race described in this article is placed prior to the above powerful virus--host interactions, which are rather costly to the hosts and not all individuals are protected by such expensive defensive measures in a population due to genetic diversity. The arms race to exploit cellular resources by the invading virus and the counteractive defensive strategy deployed by the host/host cell to protect those resources from the virus takes place rather early during infections. However, this defensive strategy by the host might be effective against most, poorly or not-well adapted viruses. If the virus succeeds in overtaking this early defensive line of the cells, then the host cell will activate the PAMP-based defensive responses. Taken together, based on the level of adaptation between the virus and hosts, arms races occur at several levels and at various costs for the hosts.

2. The heat shock protein 70 chaperone network {#s0015}
==============================================

The first example on the arms race between tombusviruses and their hosts will involve the Hsp70 chaperone network. The Hsp70 family of protein chaperones is highly conserved, present in all domains of life forms and required for protein quality control and maintenance of cellular homeostasis ([@bb0230]; [@bb0390]; [@bb0560]). Hsp70s are highly abundant, even in the absence of stress. They are ATP-dependent molecular chaperone machines to fold unfolded proteins, refold misfolded protein substrates, protein aggregates or large protein assemblies. Cytosolic Hsp70s are also involved in disassembly of large protein complexes or protein-nucleic acid complexes ([@bb0375]). These include virions, clathrin coats, or pre-replication complex of bacteriophage λ ([@bb0560]). Hsp70s often cooperate with other accessory co-chaperones or Hsp90 in multiple protein refolding and maturation processes. The co-chaperones include the family of J-domain proteins and tetratricopeptide repeat (TPR) domain-containing proteins, which help determine the fate of client proteins ([@bb0155]).

Importantly, Hsp70 and co-chaperones play critical roles in RNA virus replication with ever-increasing numbers of documented cases, such for several flaviviruses ([@bb0060]; [@bb0615], [@bb0620]), influenza virus ([@bb0075]; [@bb0370]), and a couple of plant viruses ([@bb0090]; [@bb0280]; [@bb0355]; [@bb0440]; [@bb0650]; [@bb0675]). Based on these discoveries, the findings described below in case of TBSV and its hosts could be relevant for a wide range of viruses.

3. The pro-viral roles of co-opted protein chaperones in TBSV replication {#s0020}
=========================================================================

Although viruses are relatively simple parasitic entities, they still require amazing level of coordination and regulation of biological processes during their infection cycles. Therefore, they functionally repurpose co-opted cellular proteins to facilitate viral replication. For example, the p92^pol^ RdRp of TBSV is originally inactive as an RdRp after translation by the host ribosomes ([@bb0500]). The p92^pol^ requires binding to membranes and the viral (+)RNA to become activated as an RdRp. The co-opted Hsp70 chaperone is absolutely essential for this activation process, albeit the p33-domain in p92^pol^ also plays a yet undefined role in the activation process ([@bb0500], [@bb0505]). Moreover, Hsp70 facilitates the intracellular localization and the proper insertion of p33 and p92^pol^ replication proteins into subcellular membranes, which is needed for the stability of both replication proteins ([@bb0665], [@bb0670]). In vitro replicase reconstitution experiments unambiguously revealed the absolute essential contribution of Hsp70 members to TBSV replication ([@bb0520]). Hsp70 is also required for the virion assembly process within or close to the VROs ([@bb0010], [@bb0015]). Additional members of the Hsp70 chaperone network have also been shown to facilitate TBSV replication ([Table 1](#t0010){ref-type="table"} ), but the detailed mechanisms are not yet dissected.Table 1Chaperone network genes likely involved in the arms race between TBSV and its hosts.Table 1Pro-viral effectGeneFunctionPro-viral functionHomologs***SSA1/2***Hsp70, constitutiveActivation of p92 RdRpHsp70-1/2***SSA3/4***Hsp70, heat-shock inducedPartially redundant with Ssa1/2*SSB1*Hsp70, ribosome associatedBinds to p92*HSC82*Hsp90, constitutiveBinds to p92Hsp90*HSP104*Hsp104, disaggregaseBinds to p92Hsp104Antiviral effectGeneFunctionAntiviral functionHomologs***CPR7***TPR domain, cyclophilinInhibition of VRC assemblyCyp40***CNS1***TPR domain, co-chaperoneInhibition of VRC assemblyTTC4 oncogene***STI1***TPR1 domain, co-chaperoneInhibition of CIRV VRC assemblyHop***CPR6***TPR domain, cyclophilinWeak inhibitor of VRC assemblyCyp40Undefined effect/functionGeneFunctionViral targetHomologs*SGT2*TPR domain, co-chaperoneInteracts with p33hSGT-like*JJJ1*Co-chaperoneInteracts with p33/p92/(+)RNA over-expression stimulatoryHsp40*JJJ3*Co-chaperoneInteracts with p33Hsp40*YDJ1*Co-chaperoneOver-expression inhibitoryHsp40*CDC37*Co-chaperonets-mutant, reduced viral replication*SEC17*TPR domainInhibition of TBSV replication in vitro[^1]

These co-opted Hsp70s require lots of ATP molecules for their functions within VROs. Interestingly, the ATP is generated locally by the co-opted glycolytic enzymes within the VROs ([@bb0115]; [@bb0425]; [@bb0535]). TBSV also recruits the fermentation enzymes, possibly to replenish the NAD + pool, which is required for continuous operation of the glycolytic enzymes within VROs ([@bb0335]). Through recruiting the aerobic glycolytic pathway into VROs for rapid ATP generation, TBSV might be able to fully exploit the co-opted Hsp70s for efficient VRO formation and robust viral replication to overwhelm the host cells ([@bb0425]). Co-opting the Hsp70 chaperone network with the glycolytic enzymes into VROs elegantly illustrates how TBSV could utilize the cell own resources against cellular antiviral responses via the efficient biogenesis of VROs.

4. The antiviral roles of co-opted protein co-chaperones in TBSV replication {#s0025}
============================================================================

Like other powerful molecular machines, Hsp70s and other protein chaperones are also associated with accessory proteins, which help tune their activities ([@bb0560]). Therefore, the host cells could utilize these accessory proteins as antiviral factors. Indeed, genome-wide screens in yeast unearthed protein co-chaperones associated with Hsp70 or Hsp90 chaperones as inhibitors of TBSV replication ([Table 1](#t0010){ref-type="table"}). For example, the Cyp40-like Cpr7 yeast cyclophilin with a TPR domain turned out to be a strong inhibitor of TBSV replication. Cpr7 or its TPR-domain alone bind to the RPR RNA-binding region in p33 and p92^pol^ replication proteins, which likely prevent the replication proteins to recruit the viral (+)RNA into replication and other functions within VRCs ([Fig. 1](#f0010){ref-type="fig"} ) ([@bb0330]). Interestingly, a second yeast Cyp40-like cyclophilin Cpr6 with a TPR domain had only weak restriction function on TBSV replication in a cell-free assay or in yeast. However, Cpr6 binds to a different region in the viral replication proteins, not the RPR domain bound by Cpr7 ([@bb0330]). Moreover, Cpr6 has a strong PPIase activity, whereas Cpr7 acts as a co-chaperone. These differences between the two yeast Cyp40-like cyclophilins might explain that only Cpr7 is a strong tombusvirus restriction factor. On the contrary, three Cyp40-like cyclophilins from *Arabidopsis* plants were found to inhibit tombusvirus replication in vitro ([@bb0330]). These findings suggest that plants have more Cyp40-like cyclophilins to combat tombusvirus replication than yeast.Fig. 1A model showing the pro-viral function of co-opted Hsp70 and the antiviral functions of the co-chaperones during TBSV replication. TBSV replication is divided into three sequential steps, as shown on the left. Based on published data, we propose that TBSV co-opts the cytosolic Hsp70 chaperones to help perform several pro-viral functions indicated in blue letters on the left. The hosts use several co-chaperones to block the pro-viral function of Hsp70 and the viral replication proteins at several steps (as indicated with red letters), thus reducing viral replication. See further details in the main text.Fig. 1

The human Ttc4 oncogene-like yeast Cns1 co-chaperone also contains a TPR domain in its N-terminal region ([@bb0570]). Cns1 can activate the ATPase function of Hsp70 ([@bb0185]). Cns1 strongly interacts with the TBSV replication proteins via its extended TPR-domain, which results in blocking VRC assembly ([Fig. 1](#f0010){ref-type="fig"}) ([@bb0325]). This inhibitory effect of Cns1 on TBSV replication is likely due to binding of Cns1 to the p33-p33/p92 interaction domain in the viral replication proteins. The interaction between the viral replication proteins via the p33-p33/p92 interaction domain is absolutely critical for VRC formation ([@bb0475]; [@bb0540]). Unlike Cpr7, which inhibited the replication of both tombusviruses and the unrelated insect-infecting nodaviruses, Cns1 seems to be TBSV-specific restriction factor ([@bb0330]; [@bb0325]).

Another interesting tombusvirus restriction factor is the Hop-like Sti1 co-chaperone of Hsp70 and Hsp90 ([@bb0695]). Sti1 and the plant Hop-1 have three TPR domains and TPR1 is the most important in providing the antiviral effect by binding to the RPR RNA-binding domain in the p36 and p95^pol^ replication proteins of carnation Italian ringspot virus (CIRV), a tombusvirus with mitochondrial membrane-based VROs. Surprisingly, Sti1 and Hop1 only acted as weak restriction factors against TBSV (peroxisomal membrane-based VROs) in yeast or in vitro ([@bb0695]). Thus, unlike Cpr7 and Cns1 co-chaperones, which restrict the replication of both TBSV and CIRV, Sti1/Hop seems only to be a strong CIRV restriction factor. Subcellular localization data indicated that the mitochondrial CIRV is targeted more efficiently than the peroxisomal TBSV by Sti1, suggesting that accessibility of Sti1 in various subcellular locations might differ ([@bb0330]; [@bb0325]; [@bb0695]).

Based on our discoveries, we propose that the need of TBSV to hijack Hsp70 functions from the cells during viral replication opens up opportunities for the hosts to fight back by utilizing protein chaperone-associated proteins and co-chaperones. All the three above described TPR-domain containing proteins are co-chaperones of Hsp70 and Hsp90 chaperones. This observation suggests that the co-chaperones might inhibit tombusvirus replication not only by directly binding to the viral replication proteins, but via inhibiting the pro-viral functions of the co-opted Hsp70 chaperone. Indeed, for example, TPR-domain containing proteins are predicted to be present in all eukaryotes in large numbers, including \~ 200 in humans and \~ 250 in *Arabidopsis* ([@bb0190]; [@bb0525]). An emerging picture is that the antiviral co-chaperones, and cyclophilins have to be targeted into action at the very early stage of TBSV infection, before the viral infection overwhelms the host cells defensive potential.

Altogether, this creates an arms race between the virus and its host for the access to the Hsp70 chaperone network. Through utilizing members of the cellular co-chaperones, the host interferes with the "easy" exploitation of Hsp70 chaperone machine for tombusvirus replication.

5. Cellular RNA helicases and RNA chaperones {#s0030}
============================================

The second example on the arms race between tombusviruses and their hosts will present the protein families involved in RNA structure modulation. Similar to their protein counterparts, the numerous cellular RNAs also require the guidance of specialized army of proteins that perform their folding, maturation, transport and ultimately degradation. The largest families of proteins involved with cellular RNAs are RNA helicases and RNA chaperones, which often function as ribonucleoprotein complexes ([@bb0180]; [@bb0215]; [@bb0600]). Whereas RNA helicases use ATP to modulate RNA structures/functions, RNA chaperones perform those functions through binding to RNA targets without using ATP ([@bb0160]; [@bb0340]; [@bb0590]). Similar to cellular processes that depend on RNAs, (+)RNA viruses also require the involvement of RNA helicases and/or RNA chaperones to promote their replication and the infection process ([@bb0195]; [@bb0300]; [@bb0550]; [@bb0625]). The hosts also deploy cellular DEAD-box helicases, such as DICER, RIG-I or MDA5, which are involved in sensing the viral RNAs and initiating antiviral immune signaling or the RNAi pathway to destroy viruses ([@bb0125]; [@bb0145]; [@bb0575]; [@bb0625]).

6. The pro-viral roles of co-opted DEAD-box helicases and RNA chaperones in TBSV replication {#s0035}
============================================================================================

Similar to the viral p92^pol^ replication protein, the TBSV (+)RNA needs to be recruited to the site of replication ([@bb0385]; [@bb0515]). The (+)RNA template selection for replication is performed by the p33 replication protein via specifically recognizing an internal extended stem-loop structure with a C·C mismatch within an internal loop ([Fig. 2](#f0015){ref-type="fig"} ) ([@bb0385]; [@bb0515]). The TBSV (+)RNA needs also "be activated" prior to functioning as a template at the sites of replication ([@bb0485], [@bb0490]). This is because the 3′ end of TBSV (+)RNA is embedded in an RNA secondary structure not readily recognized by the RdRp. An upstream RNA silencer element binds to the 3'terminal promoter, forming a partially dsRNA structure ([@bb0510]). After recruitment into the sites of replication, co-opted RNA chaperones, namely eEF1A and eEF1Bγ, open up the above secondary structures and bring in the p92 RdRp to initiate minus-strand synthesis ([Fig. 2](#f0015){ref-type="fig"}) ([@bb0315]; [@bb0565]).Fig. 2A model of the arms race between TBSV and its hosts based on RNA helicases and RNA chaperones. The pro-viral functions of the co-opted RNA helicases and RNA chaperones versus the antiviral functions of additional RNA helicases and RNA chaperones during TBSV replication are shown schematically. The co-opted RNA chaperones (translation elongation factors) facilitate refolding of viral (+)RNA, followed by assisting TBSV (−)RNA synthesis as shown on the left. The co-opted RNA helicases facilitate the termination of (−)RNA synthesis, then the following initiation of (+)-strand synthesis and asymmetrical replication with RNA chaperone contribution of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Some of the details are enlarged on the right. On the contrary, the cellular DDX17-like RH30 helicase interferes with several steps during TBSV replication as shown in red on the right side of the panel. The RNA chaperone Nucleolin also inhibits the recruitment of the TBSV (+)RNA into replication. The RII(+)-SL *cis*-acting RNA element with the critical internal C·C mismatch, which specifically binds to the p33 replication protein only when the stem-loop structure is formed, is shown in the circle. The cytosolic pools of RH30 and Nucleolin are essential for the antiviral activity. See further details in the main text.Fig. 2

Dissociation of the p92 RdRp from the template at the end of minus-strand synthesis is greatly affected by a DEAD-box helicase, the DDX3-like Ded1 in yeast, and RH20 in plants ([@bb0110]). The formation of dsRNA during minus-strand synthesis leads to an inactive template ([@bb0250]), which has to be partially unwound by a DEAD-box helicase, Ded1 and Dbp2 in yeast, and RH20 in plants, prior to initiation of plus-strand synthesis by the p92 RdRp ([@bb0240], [@bb0245]). Since, the initiation on dsRNA template has to be repeated by \~ 100 times, a second set of DEAD-box helicases, the eIF4AIII-like RH2 and DDX5-like RH5 in plants, facilitate the "recycling" of the viral RdRp with the help of RNA replication enhancers present on the viral (−)RNA ([@bb0235]; [@bb0470]).

In contrast with the co-opted eEF1A and eEF1Bγ RNA chaperones, the co-opted DEAD-box helicases require plentiful ATP for their pro-viral functions. As described above for Hsp70, the ATP is generated locally by the co-opted glycolytic enzymes within the membranous VROs ([@bb0115]; [@bb0425]; [@bb0535]).

6.1. The antiviral roles of co-opted DEAD-box helicases and RNA chaperones in TBSV replication {#s0040}
----------------------------------------------------------------------------------------------

The need for TBSV to recruit conserved cellular RNA chaperones and DEAD-box helicases for viral replication makes the virus "vulnerable" to those cellular DEAD-box helicases, which could inhibit the replication process. This possibility might be really important in plants, which encode more than twice as many helicases as animals and yeast do. Accordingly, the DDX17-like RH30 helicase from *Arabidopsis* has been shown to be recruited into the VROs and strongly inhibits TBSV replication ([Fig. 2](#f0015){ref-type="fig"}) ([@bb0685]). The inhibition is due to unwinding of the critical *cis*-acting secondary element in the viral (+)RNA, which is required for binding to p33 replication protein, followed by selection for replication. Since this is an early step, the effect of RH30 was found to be dominant over the co-opted pro-viral helicases, which act at latter steps in the replication process. By altering the biochemical features of DEAD-box helicases, either by domain analysis or by creating chimeras between pro-viral and antiviral helicases, it might be possible to obtain new antiviral tools by engineering or through evolution, called arms race between viruses and their hosts.

In addition to the well-characterized DEAD-box helicases (see above), plants also deploy RNA chaperones, such as Nucleolin, against TBSV ([@bb0225]). Nucleolin (Nsr1 in yeast) has been shown to be recruited into the VROs and strongly inhibits TBSV replication in yeast and plants ([@bb0225]). The inhibition is due to binding of Nucleolin to a *cis*-acting secondary element in the viral (+)RNA, which is inhibitory to recruitment of TBSV (+)RNA for replication ([Fig. 2](#f0015){ref-type="fig"}). Nucleolin, like other RNA chaperones, modify RNA structures, but without using ATP. Because TBSV has its own RNA chaperone, the p33 replication protein ([@bb0610]), and co-opt translation elongation factors, which also have RNA chaperone function, it is possible that the hosts will utilize an arsenal of RNA chaperones against invading viruses. Accordingly, genome-wide screens in yeast did identify numerous RNA binding host proteins that inhibited TBSV replication ([@bb0220]; [@bb0310]; [@bb0480]; [@bb0530]; [@bb0585]). The antiviral functions of the identified cellular RNA-binding proteins have not been defined ([Table 2](#t0015){ref-type="table"} ). Further research will highlight whether there is ongoing arms race between viruses and their hosts using RNA chaperones.Table 2DEAD-box helicases and RNA chaperones likely involved in the arms race between TBSV and its hosts.Table 2Pro-viral effectGeneFunctionPro-viral functionHomologs***DED1***DEAD-box helicase(−) and (+)-strand synthesisDDX3/***AtRH20**DBP2***DEAD-box helicase(+)-strand synthesisp68/***AtRH20**AtRH2***DEAD-box helicase(+)-strand synthesiseIF4AIII/Sc*FAL1****AtRH5***DEAD-box helicase(+)-strand synthesisDDX5/Sc*DBP3****TEF1/2***Translation elongation factor(−)-strand synthesis, p92 binding**eEF1A*TEF4***Translation elongation factor(−)-strand synthesis**eEF1Bγ*TDH2/3***GAPDH, glycolysis(+)-strand synthesisGAPDH/***At*GAPC**Antiviral effectGeneFunctionAntiviral functionHomologs***AtRH30***DEAD-box helicaseInhibition of (+)RNA recruitmentDDX17***NSP1***Ribosomal RNA maturationInhibition of (+)RNA recruitment**Nucleolin**Undefined effect/functionGeneFunctionViral targetHomologs*TIF1*Translation initiation factor eIF4A DEAD-box helicaseInteracts with p33eIF4A*TIF11*Translation initiation factor eIF1A DEAD-box helicaseInteracts with p33/p92eIF1A*PBP2*heterogeneous nuclear RNP K proteinOver-expression is stimulatory*HAS1*ATP-dependent RNA helicaseOver-expression is inhibitory[^2]

An emerging concept is that the antiviral DEAD-box helicases and RNA chaperones have to be targeted into action at the very early stage of TBSV infection to block viral replication ([@bb0225]; [@bb0685]). During late stages, the viral infection overwhelms the host cells defensive potential at this level.

Cellular RNA chaperones and DEAD-box helicases affect translation and replication of many RNA viruses ([@bb0140]; [@bb0195]; [@bb0550]; [@bb0640]). For example, host DEAD-box helicases have been shown to affect translation of viral proteins ([@bb0055]; [@bb0465]; [@bb0680]); viral RNA replication ([@bb0175]; [@bb0195]; [@bb0285]; [@bb0395]; [@bb0635]); subgenomic RNA synthesis ([@bb0165]); and virus assembly ([@bb0690]). Rift Valley fever virus is restricted by the DDX17 helicase ([@bb0400]). Moreover, DDX3 blocks Dengue virus infections, whereas DDX21 helicase inhibits influenza A virus ([@bb0085]; [@bb0320]; [@bb0575]; [@bb0710]). Human immunodeficiency virus (HIV-1) infections are affected by several helicases providing either pro-viral or antiviral functions ([@bb0360]; [@bb0705]). Thus, the emerging idea is that cellular DEAD-box helicases are important co-opted host factors for several viruses, whereas other cellular DEAD-box helicases play active roles in restricting RNA virus replication. Taken together, cellular DEAD-box helicases perform critical roles in virus-host interactions with many more discoveries expected in the future.

7. Comparison of protein chaperone and RNA helicase/chaperone functions {#s0045}
=======================================================================

It seems that TBSV hijacks two highly-conserved protein family members from the host cells: the protein chaperoning Hsp70 proteins and co-chaperones and the RNA chaperoning DEAD-box helicases. The similarities and parallels between these proteins in function for the virus are interesting: (i) they utilize ATP for their function, which are generated by co-opted glycolytic enzymes within VROs; (ii) they are recruited to the sites of TBSV replication (VROs); (iii) they are directly involved with the viral replication proteins/RNA templates; (iv) and they are permanently part of the VRCs. The major difference between them is the substrate selection: Hsp70s work with the viral replication proteins, whereas the DEAD-box helicases target the viral RNAs as substrates. However, both protein family members contribute pro-viral as well as antiviral functions. This highlights that these proteins families are core members of the arms race between viruses and their hosts. They could be also potential central players in strategies to develop novel antiviral approaches.

8. The ubiquitin network {#s0050}
========================

The last example on the arms race between tombusviruses and their hosts will involve the ubiquitin network. Many cellular proteins have multiple functions at different subcellular locations. Post-translational modifications are frequently being utilized by the host to expand the functionality and stability of host proteins. Ubiquitination, the addition of the conserved 76 amino acids long ubiquitin to the lysine residues in target proteins, are among the most common post-translational modifications ([@bb0270]; [@bb0460]; [@bb0645]). The protein ubiquitination process consists of multiple enzymes acting sequentially. The process includes an E1 ubiquitin-activating enzyme, then the E2 ubiquitin-conjugating enzyme, in collaboration with an E3 ubiquitin-ligase enzyme. The covalently-linked ubiquitin can be removed by de-ubiquitinases. Interestingly, protein mono-ubiquitination (addition of a single ubiquitin) frequently affects the subcellular localization and other functions of the client proteins, whereas poly-ubiquitination mainly serves as a protein degradation signal for the proteasome machinery ([@bb0050]; [@bb0205]).

Viruses also utilize their proteins for multiple functions in different subcellular locations, therefore, the ubiquitin network is also central in the arms race between viruses and their hosts. Many examples are documented on the ubiquitin-directed proteasome-based degradation of viral proteins, or viral protein-driven degradation of host proteins in case of animal RNA viruses ([@bb0095]; [@bb0290]; [@bb0345]; [@bb0350]; [@bb0365]; [@bb0700]). The role of the ubiquitin network is also drawn major attention in studies of innate immunity against animal RNA viruses ([@bb0150]; [@bb0545]). Plant RNA viruses are also capable of taking advantage of the ubiquitin pathways for regulating their replication and interactions with hosts ([@bb0070]; [@bb0655]). In summary, the ubiquitin network determines many facets of the arms race and it is one of the hot topics in virus-host interactions.

9. The roles of the host ubiquitin network in TBSV replication and in the arms race with hosts {#s0055}
==============================================================================================

An emerging area in virus--host interaction is the role of the host ubiquitin network. On one hand, TBSV hijacks the yeast Rad6 (Ubc2 in plants) and Cdc34 E2 ubiquitin-conjugating enzymes in order to mono- and bi-ubiquitinate the p33 replication protein ([Fig. 3](#f0020){ref-type="fig"} ) ([@bb0200]; [@bb0305]). In combination with the presence of the so-called late domain sequence in p33 ([Fig. 3](#f0020){ref-type="fig"}), the ubiquitination of p33 replication protein promotes the recruitment of cellular Vps23 ESCRT-I protein and Bro1 accessory protein into the VROs ([@bb0025]). This in turn, is needed to further recruit additional ESCRT-I and ESCRT-III proteins and Vps4 AAA ATPase into the VROs ([@bb0030], [@bb0040]). The coordinated actions of these ESCRT proteins with p33 and p92^pol^ replication proteins and the viral (+)RNA are needed for membrane deformation and the biogenesis of the spherule-like VRCs ([@bb0040]; [@bb0255], [@bb0260]). This is important to provide a semi-closed membranous structure of VRCs, which is beneficial to protect the viral RNAs from the host ribonucleases ([Fig. 3](#f0020){ref-type="fig"}).Fig. 3A model showing the pro-viral functions versus the antiviral functions of the ubiquitin network during TBSV replication. The cellular Rpn11 deubiquitinase is a key co-opted host factor, which helps with the stabilization of the viral replication proteins, and facilitates the subversion of Ded1/RH20 RNA helicases and needed for the correct VRC assembly. In addition, the co-opted Rad6, Ubc2 and Cdc34 E2 ubiquitin conjugating enzymes (shown in blue) bi-ubiquitinate the p33 replication protein as shown in a circle on the right side of the panel. These events together with the late domain in p33 facilitate the hijacking of Vps23 and Bro1 ESCRT proteins, and ultimately the ESCRT machinery to deform intracellular membranes into spherule-like structures, as shown schematically. However, the host also utilize the ubiquitin network for antiviral functions as shown by the action of Rsp5 E3 ubiquitin ligase, resulting in degradation of the viral p92 replication protein, as shown on the right side of the panel. See further details in the main text.Fig. 3

Another characterized member of the ubiquitin network co-opted by TBSV is Rpn11 (Regulatory Particle Non-ATPase) metalloprotease subunit of 19S regulatory particle in the proteasome. Rpn11 is a critical component of the proteasome due to its function in coupling deubiquitination and degradation of proteasome substrates. Multiple pro-viral functions have been documented for the co-opted cellular Rpn11 deubiquitinase, including promotion of the recruitment of the DDX3-like yeast Ded1 and the homologous plant RH20 DEAD-box helicases into the VROs ([@bb0530]). In addition, Rpn11 contributes to the stability of the viral replication proteins. Overall, Rpn11 is a key co-opted host factor for the correct VRC assembly that greatly affects both viral replication and RNA recombination ([@bb0530]).

On the other hand, the need to hijack ubiquitination network components, however, renders TBSV vulnerable for the antiviral activities of additional components of this network. Indeed, the NEDD4-like Rsp5 E3 ubiquitin-ligase could enter the VROs based on direct binding to the viral replication proteins, which then leads to the degradation of p92^pol^ RdRp protein ([@bb0035]). This event greatly inhibits TBSV replication. The previous high throughput screens have identified several additional components of the ubiquitination network, which seem to inhibit TBSV replication in yeast ([Table 3](#t0020){ref-type="table"} ). Therefore, we propose that the host ubiquitination network could emerge as a major frontier among viruses and their hosts. Further studies are needed to dissect the mechanisms of their anti-TBSV functions in yeast and plants ([Table 3](#t0020){ref-type="table"}). Taken together, the exploitation of the host ubiquitination network seems to be central in the on going arms race between TBSV and its hosts.Table 3Ubiquitin network genes likely involved in the arms race between TBSV and its hosts.Table 3Pro-viral effectGeneFunctionPro-viral functionHomologs***RAD6***Ubiquitin-conjugating enzymeUbiquitination of p33*UBC2****CDC34***Ubiquitin-conjugating enzymeUbiquitination of p33*BRE1*Ubiquitin-protein ligaseRequired for replication*DOA4*Protein deubiquitinationRequired for replication*LGE1*Protein mono-ubiquitinationRequired for replication***RPN11***Protein deubiquitinationRequired for replication*RPN11*Antiviral effectGeneFunctionAntiviral functionHomologs***RSP5***E3 Ubiquitin-protein ligaseDegradation of p92*NEDD4*Undefined effect/functionGeneFunctionViral targetHomologs*ASI1*E3 Ubiquitin-protein ligaseOver-expression is inhibitory*UBA1*Ubiquitin activating E1 enzymeBinds to p33*UBP3*Ubiquitin-specific proteaseSuppresses recombination*UBP8*Ubiquitin-specific proteaseOver-expression is inhibitory*UBP10*Ubiquitin-specific proteaseBinds to p33/p92/(+)RNA*UBP15*Ubiquitin-specific proteaseBinds to p33*ATG7*Ubiquitin activating E1 enzyme\
Autophagy-related proteinOver-expression is inhibitory*BUL2*Rsp5p E3-ubiquitin ligase complexOver-expression is stimulatory*HUL4*E3 Ubiquitin-protein ligase-likeOver-expression is stimulatory*PIB1*E3 Ubiquitin-protein ligaseOver-expression is stimulatory[^3]

10. Summary {#s0060}
===========

Viruses require resources from the host cells in order to replicate efficiently and complete their infection cycles. Viruses also need to hide from the host antivirus-surveillance network and degradative apparatus. To accomplish all the requirements, viruses co-opt numerous host proteins belonging to several protein families. However, the hosts could use similar members of the same or associated protein families to interfere with the viral replication processes. The rapid changes in the viral genomes in evolutionary terms create a never-ending arms race between the virus and hosts for the exploitation of members of several host protein families. These protein families could be potential central players in strategies to develop novel antiviral approaches that favor the hosts against pathogenic viruses.
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[^1]: Genes shown in bold face are characterized in details in TBSV replication.

[^2]: Genes shown in bold face are characterized in details in TBSV replication.

[^3]: Genes shown in bold face are characterized in details in TBSV replication.
